Abstract From its traditional identity as a hormone involved in growth and differentiation of mammary epithelium and in lactation, to having a pertinent role in the development of mammary carcinoma, the peptide hormone/cytokine prolactin (PRL) has emerged as a versatile signaling molecule. There has been significant progress in our understanding of the fine working of PRL in the past several years. Notably, much effort has been concentrated on the mediator of PRL action, namely, the prolactin receptor (PRLr). The causal link between increased PRLr expression and breast cancer is being increasingly appreciated. Considering that the level of the receptor on the surface is a critical determinant of signaling output in response to PRL, the uncovering of regulatory elements that control receptor expression becomes important. The principle focus of this review is on the regulation of PRLr expression and activity in breast cancer with a brief overview of different isoforms of PRLr, their expression, signaling capabilities and the biological outcomes of PRL/ PRLr signaling.
Structure and Signaling Capabilities of PRLr Isoforms
PRLr Signaling
The PRLr is a major mediator of cellular effects of PRL. We briefly describe here these effects mainly to present various elements of PRL signaling as they are transduced by diverse isoforms of PRLr; other reviews in this issue describe all branches of PRL signaling in detail.
The main signaling networks downstream of PRL/PRLr include, the Jak-STAT, Ras-MAPK and PI3K-Akt pathways. These pathways impact crucial cellular processes like proliferation, survival, cytoskeletal effects and differentiation with well-established roles in the initiation and progression of cancer including mammary tumors. PRLr, analogous to other cytokine receptors, lacks intrinsic kinase activity and the receptor-Jak2 module acts in concert to transmit signals downstream of ligand binding [1, 2] . PRLmediated activation of the Jak-STAT signaling results in transcriptional induction of milk protein genes and genes involved in cell proliferation like cyclin D1 [3] [4] [5] .
PRL has been shown to activate the Ras-Raf-MAPK pathway in several mammary tumor cell lines as well as normal mouse mammary cells, which signals for cell proliferation via multiple mechanisms. This is mediated in some cells by increased association of Shc with Jak2, as well as by the Grb2 and Sos complex [6] . PRL has also been implicated in activation of other MAPK such as JNK, which impact proliferation and apoptosis in cell systems like T47D, Nb2 and PC12 [7] [8] [9] . Other kinases like c-Src that play key roles in normal cellular physiology as well as mammary carcinoma are activated in response to PRL and interface with PRLr-mediated signaling. Src functions upstream of PI3K or focal adhesion kinase (FAK)-Erk activation in PRL stimulated breast cancer cell lines [10] .
The activation of PI3K pathway results from either direct binding of p85 subunit to PRLr or downstream of Src or Ras activation. The phosphoinositides generated by PI3K activate Akt, which transmits pro-survival, proproliferation signals by modulating cell-cycle regulators and also enable the recruitment of pleckstrin homology containing guanine nucleotide exchange factor (GEF), Vav, which activates the Rho family GTPases, leading to cytoskeletal rearrangements necessary for cell adhesion and migration. The association of Vav with Tec, a tyrosine kinase and Nek3, a Ser-Thr kinase modulate its ability to activate Rac [11] [12] [13] [14] .
Moreover, PRLr signaling can transactivate other receptors involved in oncogenesis. Thus, PRL treatment has been shown to induce tyrosine phosphorylation of human epidermal growth factor receptor (EGFR), leading to activation of MAPK in breast cancer cell lines, suggesting that these two important pathways can synergize during the development of disease. This has implications for anticancer therapy as it has been recently shown that a combination of anti-EGFR mAb, herceptin and the PRL antagonist, G129R PRL additively inhibited cell proliferation of T47D and BT474 cells as well as their growth in xenografts in athymic mice [15] .
In addition to positive signal transduction, PRL engagement by PRLr stimulates regulatory molecules capable of attenuating PRL generated signals. Included in this category are the SOCS family proteins, SOCS1 and 3, PIAS, CIS and protein tyrosine phosphatases, PTP1B1 and TC-PTP which target the Jak-STAT pathway [16] [17] [18] [19] [20] .
PRLr Isoforms
The PRLr family encoded by a single gene encompasses five membrane-bound forms generated by alternate splicing and a soluble form, generated by proteolytic cleavage of the extracellular domain (ECD) of the receptor. The membranebound forms include long, intermediate, ΔS1 and two short forms and, with the exception of the ΔS1 form, share a common ECD but diverge in their intra-cellular domain (ICD, reviewed in [3] ). The different isoforms of PRLr are represented in various species. In addition to the isoforms mentioned above, there are other variants that have been reported to result from alternate splicing and are described under the heading of post-transcriptional regulation.
The prototypic member of the family, the human long form (lPRLr), is 590 amino acids long and represents the entire spectrum of signaling capabilities attributed to PRLr. The lPRLr is a type I transmembrane receptor and structurally resembles the class I cytokine receptor superfamily. The ECD includes two type III fibronectin-like regions, named the S1 and S2 domains and together form the ligand-binding unit. The three-dimensional structure of this domain reveals seven anti-parallel β-strands divided into two β-sheets that are connected by a linker of five amino acids. The S1 region has the sites for N-terminal glycosylation of PRLr and also includes majority of the ligand binding sites/is the primary ligand-binding region. The S2 region has fewer ligand contact sites and is defined by two regions, a Trp-Ser-X-Trp-Ser motif characteristic of cytokine receptor family members and sites involved in dimerization with partner receptors. The ECD is separated from the ICD by a transmembrane (TM) region of 24 amino acids. The ICD represents the signaling entity/unit of the receptor and contains the Box1 and 2 motifs with the variable box (V-box) in between and an extended Box 2 (X-box) [5, 21, 22] . The Box1 region is hydrophobic and has an SH3-like binding domain, which mediates binding to the tyrosine kinase, Janus kinase (Jak2) [23, 24] . In addition, the C-terminus encompasses several tyrosine residues, the distal residues being crucial for STAT5 binding and activation [25] . Other proteins, which are recruited to the receptor in a tyrosine phosphorylation dependent manner, include SHP-2 phosphatase, c-Src, Nek3 and Vav and propagate PRLgenerated signals as outlined above [11, 26, 27] .
The other isoforms of PRLr differ in their signaling properties from the long form due to inherent structural differences, which alter ligand-binding capacity of the receptor or hamper its ability to support the intracellular interactions required for signal transduction. While the intermediate and short forms (S1a and S1b) of PRLr retain the ligand binding region and Jak2 binding Box1 region, they lack most of the C-terminal tyrosines and are hence unable to conduct signaling events downstream of Jak2 activation (e.g. STAT5 recruitment). In addition, the intermediate form of the receptor has the Box2 region and a unique 13 amino acid C-terminal motif of indeterminate function. S1a but not S1b has the Box2 element and a 39 amino acid C-terminal sequence [28] [29] [30] . Experimental evidence suggests that the short forms, especially S1b, can act in a dominant negative fashion to attenuate the function of the long forms of PRLr [31, 32] . One of the mechanisms by which this can occur is by heterodimerization of long and short that occurs independently of prolactin or relative expression of the different isoforms [33] [34] [35] .
The ΔS1 isoform of PRLr, as the name implies, harbors a deletion of the entire S1 region, as a result of which it exhibits a sevenfold reduction in ligand binding affinity in comparison to the long form. However, under conditions of high PRL levels, the receptor displays only a modest delay in the activation of downstream signaling and is equipotent to the long form [36] .
The soluble form of PRLr, prolactin binding protein (PRLBP), represents the free-circulating ECD of the PRLr and can be detected in human serum and culture supernatants of human breast cancer cell lines transfected with long form of PRLr. This isoform was shown to be capable of binding 36% of circulating PRL in vivo and of antagonizing the effects of PRL in vitro [37] . The physiological function of this isoform is currently not known. However, considering that this form represents a natural antagonist of PRL, its therapeutic application as a 'ligand trap' can be envisioned.
These observations underscore the significance of PRLr signaling in growth control, illustrate the extensive crosstalk between individual pathways downstream of PRLr and its ability to co-operate with other oncogenes implicated in breast cancer. An accumulated wealth of knowledge highlights the pro-tumor capabilities of the PRL/PRLr pathway and the need to delineate the mechanisms, which control PRLr levels that serves as a common, focal point upstream of the myriad pathways outlined above.
Expression of PRLr
PRLr expression has been reported in a wide variety of cells and tissues. The isoforms are differentially expressed, and there does not appear to be a consensus in the relative ratios of the different isoforms in different tissues or in comparisons of normal versus breast cancer. The elements, which affect receptor expression, are discussed in some detail in the subsequent sections of the review.
Control of PRLr Levels on the Cell Surface-A Balance Between Expression and Turnover
The amount of PRLr on the cell surface controls both intensity and duration of PRL signals in cells and thereby cellular response to PRL. Alterations in PRLr levels can therefore lead to aberrant downstream signaling in response to PRL resulting in disruption of cellular homeostasis. In support of this, early work examining the relative levels of PRLr in different breast cancer lines in comparison to a normal breast cell line indicated that the number of receptors per cell was high as 25,800 in T47D cells versus 1,700 in immortalized HBL-100 cells [38] . Subsequently, several studies have reported increased expression of PRLr mRNA in tumor tissue (corresponding to surrounding normal tissue) and in breast cancer cell lines [39] [40] [41] . Similar results were obtained following analysis of PRLr protein levels by immunohistochemistry [42, 43] . Conversely, screening of breast cancer profile arrays using probes specific for long and short form of PRLr and absolute quantitation of mRNA levels of long and short isoforms by real-time PCR in normal and breast cancer tissue and cell lines revealed a significant decrease in the ratio of short to long form in tumor tissue and breast cancer lines. The 'favored' expression of the long form over the short receptor variant is consistent with the need for stimulatory effects of the long form for driving tumorigenesis as opposed to the signal attenuating short forms [44] . Collectively, these observations and other experimental data obtained from cancer cell lines and primary tumor samples have postulated a positive link between increased receptor levels and breast cancer incidence, demonstrating the need to unravel the regulation of PRLr expression on the cell surface. The density of receptor on the surface is a cumulative consequence of events affecting de novo synthesis and subsequent fate of the receptor pre-and post-ligand binding. Indeed, several lines of evidence have shown that the availability of long form (as well as other isoforms) of PRLr is modulated at the transcriptional, posttranscriptional as well as post-translational levels. This section will feature reported aspects of these processes and present speculations on other plausible mechanisms by which control can be exerted.
Transcriptional Regulation of PRLr
A number of factors (including hormones and chemotherapeutic agents) have been reported to affect the levels of the PRLr mRNA in normal and breast cancer cells. Treatment of breast cancer cell lines with sex-steroid hormones namely, dihydrotestosterone, organon 2058 or estradiol was observed to cause an increase in PRLr mRNA and protein levels [45] . Interestingly, estradiol has been dem-onstrated to upregulate PRLr expression by acting on specific promoter regions. The hPRLr gene has a complex 5′ genomic structure, with multiple (six) alternative noncoding exons 1 and promoter utilization, which include the preferentially utilized, generic promoter 1/exon-1 (PIII/ hE13) and five human specific exon-1/promoters (hE1N1-5). This could give rise to diversity in receptor expression based on differential promoter utilization in normal and disease states. It was demonstrated by quantitative competitive RT-PCR analysis that Estradiol (E2), a potent mammary mitogen and growth stimulus for hormonedependent breast cancer, induced PRLR non-coding exon-1 hE13 (generic) mRNA transcripts via promoter III (hPIII) in breast cancer cells. In addition, transfection studies confirmed activation of the hPIII promoter by E2. This effect of E2 was shown to involve a non-classical EREindependent mechanism [46, 47, 48, 49] .
Some studies have demonstrated that PRLr mRNA expression can be potentiated by its ligand PRL via an autocrine/paracrine loop in breast cancer cells. Thus, in MCF7 cells engineered to inducibly over-express PRL, an upregulation of lPRLr was observed in response to 'induced-endogenous' PRL but not exogenous PRL. There was also a concomitant increase in estrogen receptor (ER) levels and estrogen responsiveness of these cells. Considering the positive effect of estrogen on PRLr transcription, this mode of reciprocal regulation would serve to amplify both ER and PRLr signaling in breast cancer [50] . It is worth noting that many breast cancer cell lines and tumors co-express PRLr and sex steroid hormone receptors, including ER and that their expression are cross-regulated by their respective ligands, underscoring the synergism between the two signaling pathways in normal development and neoplastic progression [45] .
Interestingly, PRL-mediated upregulation of PRLr mRNA in breast cancer cells has been reported to influence their tumorigenic potential in mouse models. It was observed that MDA-MBA-435 breast cancer cells engineered to over-express PRL formed tumors at a higher rate compared to control cells when injected in nude mice; remarkably, these tumors showed significantly higher levels of PRLr [51] . This suggests that increased PRLr expression can accelerate tumor development in vivo and probably is reflective of what happens in human breast cancer. Indeed, recent observations in PRLr knockout mice have suggested a role for PRLr in promoting cell proliferation in preinvasive lesions and potentiating the transition to invasive carcinoma [52] . Given that PRL stimulates the degradation of PRLr protein, the physiologic role of ligand-stimulated increase in PRLr mRNA seemed counterintuitive at the time of the study, however, later investigations demonstrated that degradation of PRLr protein in breast cancer is impaired as well (see below).
Certain anti-cancer agents have been reported to modulate PRLr mRNA. Tamoxifen has been shown to downregulate prolactin receptor in breast cancer cells and analysis of biopsy samples from post-menopausal woman before and after initiation of tamoxifen treatment revealed a decline in PRLr mRNA seven days post treatment. Of 28 patients examined the decrease in receptor levels was particularly striking in a sub-group of 11 patients with no clear correlation grade of tumor or other tumor markers [53] .
The endocannabinoid system, which plays a role in tumor suppression, has been shown to inhibit cell proliferation, adhesion and migration of breast cancer cells as well. Studies addressing the mechanism of action of anandamide (ANA), the ligand for cannabinoid receptor in breast cancer cells revealed that ANA exerted anti-proliferative action on PRL responsive MCF7 and EFM19 cells by suppression of prolactin receptor synthesis, thereby attenuating PRLr mediated signaling. The decrease in receptor levels following treatment with ANA involved inhibition of cAMP/PKA pathway and stimulation of MAPK [54] [55] [56] [57] . Interestingly, ANA has been shown to inhibit secretion of PRL by lactotropes in mice, an effect reversed by estrogen and thus could indirectly affect PRLr levels via decreasing circulating PRL levels [58] .
Human breast cancer cell lines treated with retinoids (ATRA and 9-cis-retinoic acid), another commonly used chemotherapeutic agent showed similar down-regulation of PRLr mRNA within 24 h post treatment. The action of retinoids was at the transcriptional level as there was no change in the stability of PRLr mRNA. Moreover, retinoic acid pre-treatment reduced PRL-mediated STAT5 activation [59] . In addition, treatment of MCF7 cells with aryl hydrocarbon (Ah) receptor agonist, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) resulted in decrease in PRLr mRNA within 12 h. TCDD was also effective in abrogating estradiol induced increase in PRLr in cells co-treated with E2 and TCDD. This suggests that TCDD works through repression of E2/ER activated transcription of target genes, including PRLr [60] . These studies highlight the contribution of PRLr signaling in breast cancer and implicate it as an important target of several anti-cancer drugs.
Post-transcriptional Regulation of PRLr
Alternate splicing results in the generation of an entire repertoire of PRLr isoforms with differential response to ligand and subsequent downstream signaling. In addition to the long, intermediate, short, ΔS1 forms detailed in a previous section, additional forms have been reported in normal and breast cancer cells. These include Δ7/11, which splices from exon 7 to exon 11, Δ4-SF1b and Δ4-Δ7/11 that are exon 4 variants of SF1b and Δ7/11 respectively. The Δ7/11 lacks the transmembrane domain and presents as an intracellular or secreted form of PRLr, binds PRL and was found in some primary breast cancer samples in varying amounts [32] . It is likely that this form functions as a "ligand trap" similar to PRL-BP.
Post-translational Regulation of PRLr levels and Function
While there are no reports in literature on translational control of PRLr levels, a substantial progress has been achieved in delineating the post-translational mechanisms of modulation of PRLr levels and activity.
Maturation and Surface Expression of PRLr
The trafficking of newly synthesised transmembrane receptors from ER to plasma membrane often involves glycosylation. The ECD of PRLr has three glycosylation sites, Asn-35, 80 and 108, capable of N-terminal glycosylation. Studies addressing the requirement of glycosylation by mutational analysis of these sites in rat PRLr revealed that, while N-glycosylation of PRLr might contribute to more efficient targeting to cell membrane, the aglycosylated forms were also present on the membrane, albeit at lower levels and were functionally capable of transmitting PRL-generated signals in a cell-type specific manner. Intriguingly, the ligand binding capacity of the aglycosylated forms was comparable to that of the glycosylated forms. The lower steady-state levels of the aglycosylated forms could stem from their inability to bind chaperones, which aid in correct folding and surface targeting of the receptor or reflect different kinetics of internalization [61] .
The role of other factors/chaperones, which might influence the surface expression of PRLr has not been fully elucidated. Jak2 is likely to play a role in maturation of PRLr [62] similar to other cytokine receptors including erythropoietin receptor (EpoR), growth hormone receptor (GHR), thrombopoietin receptor (TPoR) and type I interferon receptor (IFNAR1) [62] [63] [64] [65] , whose cell surface localization is promoted by an associated Jak. For PRLr and EpoR, the effect of Jak2 was attributed (at least in part) to stabilization of the mature form of the receptor and to stimulation of its trafficking to the cell surface. Alterations of this mechanism in breast cancer are yet to be reported.
Receptor Dimerization
The configuration of receptor present on the cell surface influences both binding affinity and response to ligand. Contrary to the notion that PRL induces receptor dimerization, recent studies have clearly demonstrated that PRLr is capable of ligand independent homo-and hetero-dimerization and this was found to be largely dependent on its TM domain. The isoform composition of the 'pre-formed' dimer is important for the outcome of PRLr signaling in response to PRL. For example, heterodimers of long and short isoforms have the potential to engage ligand due to an intact ECD but are 'inert' from a signaling perspective as the short form cannot sustain downstream transmission of PRL-stimulated signals. Similarly, upon transfection of T47D cells with different PRLr domains, ECD-TM or TM-ICD, only hetero-dimers with intact ICD could transmit PRL signals, while dimers containing ECD-TM form were inhibitory [33, 35] . The existence of an endogenous TM-ICD of PRLr in the breast cancer cell line, T47D, brings forth the possibility of it being a bona fide signaling module, which can modulate PRL signaling.
Ligand-induced Ubiquitination-dependent Down-regulation of PRLr
A common mode of negative regulation of cell-surface receptors including several receptor tyrosine kinases (RTKs) and cytokine receptors following ligand binding/ engagement involves ubiquitination of 'activated' receptor, which in turn routes it for lysosomal and in some instances proteasomal degradation [66, 67] . This serves to limit the duration and intensity of downstream signaling from the receptor, thereby exerting fine control over important cellular processes like proliferation, cell growth, survival, etc. Deregulation of such pathways lead to pathological conditions including cancer. The long form of PRLr is also subject to such regulation. Pioneering studies in the early 1980s showed that prolactin was capable of facilitating the lysosomal degradation of its receptor [68] [69] [70] [71] . Subsequent work offered some mechanistic insight into the process. It was demonstrated that following stimulation of lPRLr with its cognate ligand, PRL, the receptor gets phosphorylated on Ser349 within a well-conserved phosphodegron, DSGRGS. This phosphorylation enables the recruitment of SCF βTrCP ubiquitin ligase, which catalyzes the ubiquitination of the receptor. The receptor is then sorted for lysosomal degradation (Fig. 1) . The same group further observed stabilization and accumulation of lPRLr in breast cancer, as a consequence of impaired PRL induced phosphorylation of the receptor and its subsequent escape from ubiquitination mediated down-regulation [72, 73] . This scenario in essence mimics receptor over-expression, the endpoint in both cases being continuous availability of receptor on the surface for ligand engagement and signal propagation. In this context, it is worth noting that recent work by Lu et al. demonstrated that inhibitors of both lysosomal pathway and of proteasomes impede the ligand induced degradation of endogenous lPRLr in PRL-deficient MCF7 breast cancer cells [74] . While interpretation of these data is confounded by a known fact that many proteasome inhibitors suppress overall protein trafficking into the lysosomes indirectly by depleting the intracellular ubiquitin pool, it was proposed that, in this system, proteasomal function was required for limited cleavage of the receptor and generation of a receptor ECD-containing fragment, post internalization. It is currently unclear if this fragment represents an intermediate degradation product or a signaling unit, or whether this manner of receptor processing is cell-type specific [74] .
A more detailed analysis or thorough mapping of the different steps involved in channeling the activated receptor to the proteolytic compartment will help resolve this dichotomy. This will also aid in addressing questions as to whether any of the crucial steps are altered in the cancer milieu during the process of tumorigenesis resulting in receptors refractory to ubiquitination-mediated degradation. There are several precedents from other receptor models, which provide clues as outlined below.
Post-ligand trafficking/sorting of transmembrane receptors for degradation is a well-orchestrated process involving several players and is best exemplified by the EGFR model. The sequence of events following ligand binding, include receptor internalization, sorting through early and late endosomes, maturation to multi-vesicular bodies leading to the ultimate destination, the lysosomes. The progress through these intra-cellular compartments is dictated by interactions with specific 'resident' proteins in the pathway, which in turn is facilitated by modifications, particularly, ubiquitination. However, the initial endocytosis can also occur in a constitutive, ligand independent manner but ubiquitination is required, in most cases, for directing receptor proteolysis. The signals other than ubiquitin, which are recognized by the endocytic machinery, are typically present within the cytoplasmic domains of the target proteins. Some signals are tyrosine-based sorting signals and conform to the NPXY or YXXO consensus sequence while others are referred to as dileucine-based Figure 1 Regulation of surface levels of prolactin receptor. The steady state levels of PRLr are a result of a balance between ligand independent trafficking of newly synthesised receptor to the surface and ligand dependent turnover. a Formation of different isoforms is controlled at the transcriptional, post-transcriptional and post-translational level. Several factors like PRL and hormones upregulate PRLr mRNA, while anti-cancer agents like retinoic acid (RA) down-regulate PRLr transcription. Alternate splicing results in the generation of multiple isoforms, which differ in structure and signaling abilities. The long form of PRLr (lPRLr) has an extra-cellular domain (ECD) that includes the S1 and S2 region, a transmembrane (TM) domain and an intra-cellular domain (ICD) containing different regions. Jak2 is constitutively bound to PRLr and gets phosphorylated following ligand engagement. The different forms of PRLr are capable of ligand independent homo-and hetero-dimerization, which in turn modulates functional response to ligand. Details are provided in the text. b Ligand binding triggers ubiquitination dependent lysosomal degradation of lPRLr. This involves receptor phosphorylation on Ser349, recruitment of SCF βTrCP E3 ubiquitin ligase and subsequent ubiquitination of PRLr on the intracellular lysine(s). These steps are positively regulated by Jak2. PRLr also harbors internalization motifs in the Cterminus (two di-leucines, LL and a di-leucine with adjacent tyrosine (LLY), which contributes to receptor endocytosis. Ubiquitination is expected to promote receptor internalization (via clathrin coated pits), post-internalization sorting, and, ultimately, lysosomal degradation of PRLr. motifs with a [DE]XXXL [LI] or DXXLL consensus sequence. These motifs enable the association of target protein to the adaptor (AP2) complex, which drive the formation of clathrin-coated vesicles [75] . Thus, activation of EGFR results in its auto-phosphorylation on tyrosines (including a critical Y1045), followed by recruitment of E3 ubiquitin ligase c-Cbl and resultant ubiquitination of this receptor. This enables EGFR recruitment into clathrin-coated pits via interactions with ubiquitin-adaptors like Eps15 or motifs, which bind clathrin adaptors such as AP-2. AP-2 complexes facilitate the formation of clathrin-coated vesicles, which then fuse to form early endosomes, followed by maturation to multi-vesicular bodies, where receptor is sorted to the recycling pathway or to the lysosomes. Sustained ubiquitination is required for targeting to the lysosomes whereas internalization is uncoupled from this requirement. Alternate means of EGFR degradation exists involving Grb2 and CIN85-endophilin complexes [76, 77] .
In the case of PRLr down-regulation, the details of the mechanisms are just beginning to emerge. Multiple linear endocytic motifs are located in the cytoplasmic tail of the long form of PRLr and are conserved across species. These motifs, namely, a phenylalanine (F290) in combination with a proximal dileucine (LL) and three dileucines in the vicinity of amino acid 272 facilitated the interaction of bovine PRLr with clathrin and dynamin and its subsequent internalization through these pathways. The endocytosis of the short form was governed by the presence of the proximal dileucine region and proceeded along the same route as the long form but at a slower rate. But it is unlikely that the short form is degraded in the same manner as the lPRLr, if at all, as it lacks the S349 phosphorylation site and cytoplasmic lysines i.e. the sites of ubiquitination. Both the motifs were capable of initiating receptor internalization independent of the other [78] . These data are consistent with earlier observations that the short form of the rat PRLr was internalized in response to ligand, which involved two motifs between amino acid residues 253-261 and 273-281. Moreover, the short form was shown to interact with alphaadaptin, a component of the AP-2 endocytic adaptor complex [79] . However, the contribution of these motifs and of AP-2 to the intracellular sorting of PRLr remains to be elucidated.
Ubiquitination of PRLr is likely to increase the efficiency of receptor internalization by at least two possible means: (1) by enhancing the ability of receptor to interact with endocytic adaptor proteins containing ubiquitin-binding domains and/or (2) by inducing conformation changes in PRLr that would facilitate its binding to endocytic components. It is possible that the two events are not mutually exclusive but occur simultaneously. Ubiquitination can also enable sorting of PRLr following its internalization, though these issues have not been formally addressed. The relative contribution of the motifs and ubiquitination of cytoplasmic lysines needs to be assessed as well.
In addition to interactions with resident proteins of the endocytic pathway, the response of the cellular machinery to an ubiquitinated target is also governed by other parameters. The manner in which ubiquitin is conjugated to its substrate, the number of ubiquitin molecules and the nature of linkage if receptor is modified with poly-ubiquitin collectively influence the decision-making process in the choice of pathway. Mono-ubiquitination, multi-monoubiquitination or poly-ubiquitination chains linked through K63 often tag the protein for lysosomal degradation, whereas substrates appended with K48-linked ubiquitin are destined for proteolysis in proteasomes [67] . Understanding the ubiquitin topology on PRLr is very important considering the potential involvement of two degradation pathways in the modulation of PRLr, which maybe subject to differential regulation. It is worth noting in this regard that analysis of the nature of ubiquitin signal appended to PRLr by AQUA method, which allows for deciphering of chain topology and quantitation of chain type-specific ubiquitination, has indicated that PRLr is modified predominantly by poly-ubiquitin chains. While K63-linked chains were predominant, a smaller fraction of canonical K48-linked poly-ubiquitin chains were found on PRLr as well. In addition, expression of ubiquitin mutants defective in specific type of chain assembly revealed that blocking of receptor modification with K63-linked chains resulted in disruption of interaction between PRLr and adaptin complex as well as in impaired internalization and in stabilization of the receptor (our unpublished data). While these data strongly suggest a predominant role of K63-linked ubiquitination in internalization and degradation of PRLr, it has to be noted that ubiquitination is a dynamic process involving both addition and removal of ubiquitin from the substrate the contribution of deubiquitinating enzymes (DUBs) in chain-specific PRLr ubiquitination and in down-regulation of this receptor would be yet another interesting area for investigation [80] .
Moreover, it is likely that proximal signaling events triggered by PRL, involving PRLr interacting proteins would add other tiers of regulation to the process. Observations made with cytokine receptors, GHR, and IFNAR1, which undergo ubiquitination mediated proteolysis point to receptor associated Jaks as being an important modulator of receptor stability [81, 82] . This is likely to be plausible for PRLr as activation of Jak2 is one of the first events to occur following stimulation of receptor. Indeed, work done in our laboratory addressing the role of Jak2 in PRLr down-regulation has demonstrated that PRL facilitates the ubiquitination, initial internalization and degradation of its receptor, via catalytic activation of Jak2 (our unpublished data). Thus, Jaks can influence the steady-state surface levels of receptor by fine-tuning two processes; surface targeting of mature receptor and ligand induced endocytosis.
c-Src has also been purported to play a role in PRLinduced internalization of its receptor. One possible mechanism by which c-Src can mediate its effect is by tyrosine phosphorylation of dynamin, a regulator of clathrin coated vesicles, which increases its GTPase activity and facilitate internalization of receptor. In this context, it is worth noting that inhibition of dynamin retards PRLr internalization. The relative contribution of different endocytic components and their activating elements in PRLr trafficking in normal and breast cancer cells needs further studies and will provide useful insights into the regulation of this process [78, 83] .
The involvement of a ligand-activated hitherto unidentified Ser-Thr kinase, which phosphorylates Ser349 (a prerequisite for SCF βTrCP ligase recruitment) has also been proposed. Impaired activity of such kinase (or its impaired ability to be recruited to the receptor) in breast cancer cells [73] constitute a probable cause for abrogation of Ser349 phosphorylation and failure to down-modulate PRLr in breast cancer cells and tissues. Ligand activation can also relieve inhibition by a Ser-Thr phosphatase, which dephosphorylates the receptor, thereby preventing its degradation. Stress induced signals that are common in the tumor setting (such as hypoxia, nutrient deprivation, chemotherapy, etc) can activate stress kinases like p38 MAPK, which might also affect receptor endocytosis. This has been recently observed in the EGFR model system, where activation of p38 in response to treatment with UV, inflammatory cytokines and cytotoxic drugs like cisplatinum accelerated receptor internalization in a clathrin dependent manner. Chronic activation of p38 resulted in receptors getting trapped in endosomes [84, 85] . Identification of the role of the different candidate kinases, which could contribute to receptor phosphorylation, ubiquitination and degradation would shed more light on the regulation of PRLr stability in normal cells and breast cancer cells.
Conclusions and Perspectives: PRLr as a Putative Therapeutic Target in Breast Cancer
In light of significant recent advances in understanding the mechanisms that regulate PRLr expression and function, an increased appreciation for a causal role of PRL/PRLr signaling axis in the pathogenesis of mammary carcinoma is emerging. Yet, only the development and potential clinical application of a potent anti-PRL/PRLr agent for treatment of breast cancer will ultimately lend credence to the ideas on the important role of PRLr signaling in etiology of this disease. Anti-tumorigenic effects of naturally occurring and mutagenesis-based antagonists of PRLr have been rigorously investigated; these studies are outlined in several outstanding reviews [86, 87] . Moreover, the growth inhibitory actions of currently available anticancer agents like tamoxifen and retinoids have been attributed in part to their ability to down-regulate PRLr expression, thereby identifying PRLr as an attractive target in the treatment of breast cancer. While these drugs are effective against ER-positive breast cancers, fluctuations in PRLr level can occur independently of ER status, illustrating the need to develop alternate interventions targeting PRLr signaling. In addition, the multi-factorial nature of cancer and the existence of extensive crosstalk between signaling pathways in cancer cells have stressed the need for combination therapy for more effective disease control. This issue becomes crucial in cases where resistance to 'single' treatment is encountered. In this context, PRLr might serve as an important target as evidenced in two studies where fusion proteins containing PRLr antagonist and anti-angiogenic agent endostatin or a combination of PRLr antagonist and anti-EGFR mAb, herceptin exhibited greater tumor inhibitory properties additively compared to individual treatments of breast cancer [15, 88] .
Moreover, the discovery of regulatory pathways involved in PRLr turnover has spawned new, exciting areas of research. For instance, the loss of negative regulation of growth factor receptors as a result of defective ubiquitination as a driving force in malignancy is underscored in several systems. Such a deregulation is apparent for PRLr as well. This brings forth the possibility of developing novel treatment strategies including antibody-based therapeutics directed to promote lysosomal degradation of PRLr and to inhibit its signaling. It therefore becomes important to unravel the signaling events involved in PRLr downregulation, including accessory proteins, involvement of additional ubiquitin ligases, and cross-talk with other oncogenic signaling pathways in order to identify new drug targets and improve the efficacy of existing ones targeting PRLr, the central component in PRL-mediated signaling in breast cancer.
